Introduction
============

After systemic administration, nanomaterials are exposed to various physiological fluids, mostly blood. There are several thousand proteins in blood at up to a billion time differences in relative concentrations of protein corona.[@b1-ijn-12-3137] The adsorption of proteins on nanpoparticles (NPs) can modify the diverse physicochemical properties of NPs such as size, surface charge, surface composition, and functionality, hence giving NPs a new biological identity. This NP--protein complex, not bare NP, determines various biological responses such as fibrillation, cellular uptake, circulation time, bioavailability, and even toxicity. The layers consisting of bound or adsorbed proteins around NPs are called as protein corona. High surface energy may enhance the binding of protein on to NP surface.

[Figure 1](#f1-ijn-12-3137){ref-type="fig"} shows the formation of protein corona and exchange of adsorbed proteins over time in biological conditions. Protein corona patterns mainly depend on the physicochemical properties of NPs (nanomaterial, size, charge, surface functional groups, shape) and exposing environments including immersed media components, temperature, pH, dynamic shear stress, and interaction (or exposing) time. Proteins with large quantities are first bound to NP surface, and then gradually replaced by higher affinity proteins (Vroman effect).[@b2-ijn-12-3137] The detailed information of protein corona is described in detail in the following section.

Protein corona pattern
======================

The differences in NP properties and the environments influence protein corona by interacting with diverse protein compositions via adsorption.[@b3-ijn-12-3137] Additionally, protein corona is complex and unique to each nanomaterial and NP. Furthermore, the composition and relative quantity of adsorbed proteins may also not correspond with protein components and relative concentrations in exposure media. In other words, the adsorption of proteins onto NPs is controlled by the protein--NP interaction and protein--protein interaction. [Table 1](#t1-ijn-12-3137){ref-type="table"} shows the diversity of the top ten proteins adsorbed to silica NPs and the most abundant proteins in human plasma. Albumin is the most abundant protein in blood and is often found in protein corona fingerprints of various NPs. In addition, other common proteins to form adsorbed protein patterns include complement proteins, fibrinogen, and immunoglobulins, which significantly alter NP opsonization, allocation, and targeting efficiency.[@b4-ijn-12-3137],[@b5-ijn-12-3137] Protein pattern refers to some important and recognizable sequence features such as binding sites or the active sites of protein and enzymes because they have only a few amino acids that are essential for protein function.

Protein corona is divided into "hard corona" and "soft corona". Hard corona contains higher affinity proteins on the NP surface that may irreversibly bind to NPs. In contrast, soft corona formed by lower affinity proteins is reversibly bound to NPs, which can be further exchangeable over time or easily detached by washing steps during experiments. Protein corona is a dynamic layer in which the arrangement and amount of protein are changeable according to the conditions of physicochemical and biological interaction.

Protein conformation
--------------------

In general, protein conformation refers to the characteristic dimensional shapes or structures of a reversible protein formed by arrangement of amino acid molecules, including the secondary, super-secondary (motifs), tertiary (domains), and quaternary structure of the peptide chain. Reversible structural changes or alternative structures of the same protein are referred to as conformational isomers, or simply, conformations or conformational changes. Thus, protein functions depend on their secondary and tertiary structures. Hence, the change in protein structure can affect their pharmacological functions and activities due to the dynamic changes of exposing conditions. When the protein is bound to NPs to form protein corona, proteins may rearrange their structures to adapt to NPs surface and surrounding environments. This event is known as "conformational changes", in which the secondary and/or tertiary protein structure is modified. Proteins are required to interact with other biomolecules and substances to activate or express their biological functions. Therefore, a small modification in protein structure caused by mutual interaction with NPs may induce an enormous impact on their pharmacological activities, association with other proteins, and also other biological responses.[@b6-ijn-12-3137]

The correlation between NP size and protein size is an important factor for determining protein structures. In case NPs are bigger than proteins, proteins may stretch to adapt to the NP surface. Smaller NPs decrease the interaction with proteins, causing less structural changes.[@b7-ijn-12-3137]

The secondary structure of proteins is strongly affected by the surface charge of NPs. For example, gold NPs with identical properties, but different surface charges, showed similar adsorbed bovine serum albumin (BSA) amounts. However, the NPs having positive charges expressed much higher cell association and a faster cellular uptake rate than the negatively charged counterparts. This result suggested the internal structure modification of BSA might be caused by the NP charge.[@b8-ijn-12-3137] Indeed, adsorbed BSA onto negatively charged polystyrene NPs retains it native structure compared with the conformational change of BSA with positively charged NPs, which leads to the redirection of the protein--NP complex to scavenger receptors. The adsorbed BSA on anionic polystyrene NPs could inhibit cellular binding, but its counterpart enhanced the cellular binding of NPs and, unexpectedly, also toxicity.[@b9-ijn-12-3137] Consistently, other NPs carrying a negative charge, such as quantum dots decorated with carboxylate groups or gold NPs stabilized by citrate, inhibited cellular binding after incubation with serum proteins or BSA alone although the size, material, and surface modifications of NPs were diverse.[@b10-ijn-12-3137]

Instrumental analysis for evaluating protein corona
===================================================

The protein--NP interaction is studied by incubating NPs in protein solutions for a period of time, either a single protein solution such as BSA, fibronectin and IgG,[@b11-ijn-12-3137]--[@b14-ijn-12-3137] or biological fluid containing multiple proteins such as serum,[@b15-ijn-12-3137],[@b16-ijn-12-3137] plasma, cytosol,[@b17-ijn-12-3137] fetal bovine serum (FBS),[@b18-ijn-12-3137] fetal calf serum, synovial fluid, and cerebrospinal fluid.[@b19-ijn-12-3137] Protein--NP complexes are then separated from the protein solution via instrumental analysis. The protein corona is widely characterized by total quantity, density, thickness, composition, relative abundance of each protein, protein binding affinity, and protein conformation.

The interaction between protein and NPs can be simply confirmed by the physical changes of NPs in size[@b18-ijn-12-3137] and zeta potential.[@b20-ijn-12-3137] Common techniques to evaluate NP size after protein adsorption include dynamic light scattering (DLS), transmission electron microscopy (TEM), and sometimes, atomic force microscopy (AFM). DLS is conventional and fast, but may be influenced by NP agglomeration, so that in several cases data collected by DLS and TEM are different.[@b21-ijn-12-3137] More advantageously, TEM and AFM give more clear information on single NP size, shape, and the protein corona covering the NP surface. The protein corona can be further characterized by UV-Vis absorption spectra. For example, Au NPs incubated with Dulbecco's Modified Eagle's Medium (DMEM) exhibited a slight red shift and higher absorption intensity over time in UV-Vis spectra than those that interacted with Roswell Park Memorial Institute (RPMI) medium. This suggests that a larger quantity of proteins were adsorbed on Au NPs when incubated with DMEM than RPMI.[@b18-ijn-12-3137]

Centrifugation is the typical method to collect NP--protein complex from the interaction media and loosely adsorbed proteins, and sucrose cushion centrifugation allows the separation of complex in a short time (30 sec).[@b11-ijn-12-3137],[@b12-ijn-12-3137],[@b22-ijn-12-3137],[@b23-ijn-12-3137] The secondary structure of proteins can be evaluated by circular dichroism. However, this method cannot be used for a mixture of proteins due to its spectral complexity. Isothermal titration calorimetry (ITC) is another common method used to evaluate the molecular interaction between proteins and NPs.[@b9-ijn-12-3137],[@b21-ijn-12-3137],[@b24-ijn-12-3137]--[@b26-ijn-12-3137] The positive points of the ITC method are that it directly characterizes and measures nanoparticle--protein interactions, such as total binding proteins and protein binding affinity, without using separation and isolation processes.[@b26-ijn-12-3137]

After separation of protein--NP complexes from incubation media or, isolation of protein from NP with further steps, electrophoresis was often applied for identification and qualitative determination of protein corona composition.[@b19-ijn-12-3137],[@b24-ijn-12-3137],[@b25-ijn-12-3137],[@b27-ijn-12-3137] In addition, gel filtration can be used to not only separate protein--NP complexes from incubation media,[@b28-ijn-12-3137],[@b29-ijn-12-3137] but also to isolate protein from NP surfaces as well as provide information of kinetic exchange rate for adsorbed proteins.[@b30-ijn-12-3137] A positive point about gel filtration is that it can both separate and isolate adsorbed proteins from easily deformed and low-density NPs such as liposomes and exosomes. Protein identification and quantity determination can be characterized by mass spectrometry, in which protein samples have been digested into small peptides and simply injected into analysis instrument.[@b23-ijn-12-3137],[@b31-ijn-12-3137] The protein corona results will be determined by comparison with standard protein data.

Protein corona evaluation may be obtained differently, depending on the types of applied analytical characterization. For example, human serum albumin (HSA) adsorbed on hydroxyethyl starch nanocapsules could be detected by ITC, while there was no trace of HSA when evaluated by SDS-PAGE.[@b32-ijn-12-3137] Hence, it is pivotal to choose suitable analytical techniques to accurately characterize protein corona properties since protein corona is related with physicochemical properties and biological identity of NPs.

Effect of exposure conditions on protein corona
===============================================

Media composition
-----------------

Media with different protein components strongly affect protein corona properties. Interestingly, after only 1 h incubated in serum-free medium, the pristine NPs get coated by proteins located in either cell membrane or cytosol. Serum proteins adsorbed to silica NP surface showed reduced interaction with cells, resulting in lower cellular uptake of silica NPs in the media supplemented with serum compared with media with no serum addition.[@b33-ijn-12-3137] It was known that protein corona reduced the NP cell adhesion and cellular uptake.[@b34-ijn-12-3137] In another study, the influence of biological fluid in cellular uptake pathway of NPs on the evolution of the protein corona was examined after incubating NPs with plasma followed by cytosolic fluid. The protein corona of NPs after exposure to the cytosolic fluid was significantly different, but protein pattern in hard corona was retained after plasma incubation,[@b17-ijn-12-3137] which was in agreement with a previous study.[@b35-ijn-12-3137] DMEM encouraged higher total protein quantity adsorbed onto gold NPs than RPMI after 48 h incubation, but similar amounts were observed at the 1-h incubation.[@b18-ijn-12-3137]

Protein concentrations
----------------------

The protein corona motif is significantly affected by the protein concentration.[@b34-ijn-12-3137] Silica NPs expressed different protein patterns when incubated with 3%, 20%, and 80% plasma, explaining the replacement of proteins present in small quantities but with a higher binding affinity with proteins with lower binding affinity and higher concentrations in human plasma.[@b27-ijn-12-3137] Moreover, the higher human serum concentration in ranges of 0.5--50 wt/v%, gradually increase the relative abundance of Apo E compared to serum albumin and transferrin. It could be considered as the major proteins on the magnetic NP at 50% serum concentration.[@b36-ijn-12-3137] In contrast, phagocytosis of NPs by dendritic cells was identical in various concentrations of protein mixtures. This result could be explained by particle uptake by phagocytes, possibly not dependent on the total binding protein quantity but the abundance of recognizable proteins on the particle surface.[@b37-ijn-12-3137]

Exposure time
-------------

Protein adsorption onto NPs is also controlled by the exposure time of NPs to the fluidic media. Protein corona is immediately formed when NPs come into contact with biological fluids. After only 30 sec interaction with human plasma, nearly 300 proteins binding to NPs surface are detected.[@b23-ijn-12-3137] Longer duration of exposure time enhances the total protein quantity adsorbed.[@b18-ijn-12-3137] Additionally, the exchange of adsorbed proteins over time significantly modifies the abundance of each binding protein, hence resulting in different protein corona patterns. This can be explained by the replacement of higher affinity proteins to lower counterparts or favorable adsorption of lower molecular weight protein compared to higher ones. However, the composition of protein corona remains the same.[@b18-ijn-12-3137]

Static and fluidic conditions
-----------------------------

The difference in protein corona composition and quantity under static and flow conditions must be taken into account. Various previous studies on protein--NP interactions were often performed under static conditions,[@b38-ijn-12-3137] while NPs are often administrated through intravenous injection and immediately interact with blood protein under various shear stresses in the hydrodynamic body conditions. It is known that blood flow velocity ranges from 0.03 cm/sec in capillaries to 15 cm/sec in superior and inferior vena cava and 40 cm/sec in the aorta.[@b39-ijn-12-3137],[@b40-ijn-12-3137] The protein corona of NPs under dynamic fluidic conditions is obviously different from the one constructed in static conditions. At 40 cm/sec, equal to abdominal aortic speed, the PEG-coated liposomes under dynamic fluidic conditions carried more negative charge compared to their static counterparts but their sizes were similar, suggesting the difference of binding protein components and each protein quantity. Additionally, the protein diversity in the protein corona under fluidic flow was considerably broadened. Therefore, it is essential to evaluate protein--NP interactions in a biomimetic environment which mimics in vivo physiological conditions to more accurately predict the fate of NPs in vivo.[@b22-ijn-12-3137]

Temperature
-----------

Temperature also alters protein--NP interaction and was studied in several previous works.[@b11-ijn-12-3137],[@b41-ijn-12-3137],[@b42-ijn-12-3137] It was known that temperature caused significant changes in protein corona pattern of magnetic NPs in the human body temperature, ranging between 37°C and 41°C during exposure to various concentrations of HSA as well as apo-transferrin (apo-Tf).[@b42-ijn-12-3137] Protein quantity adsorbed on Cu NPs increased when incubation temperature increased from 15°C, 27°C, and 37°C to 42°C.[@b41-ijn-12-3137] Therefore, the health condition of the patients also needs to be considered, as fever or some diseases can change the body temperature which facilitates the NP interaction with protein, leading to changes in biodistribution and bio-availability of NPs.

pH of biological media
----------------------

pH condition can be also considered as an important factor in the evaluation of the interaction of NPs with proteins. The change of environmental pH may alter protein binding affinity,[@b43-ijn-12-3137] leading to modification of adsorbed protein pattern. In the cellular uptake pathway, normally nanomaterials undergo several different pH of biological fluids such as blood (neutral pH), exposure media (pH 6.9--7.4), intracellular fluid (pH 6.8), and lysosome (pH 4.5--5). Additionally, upon administration, NPs enter the systemic blood circulation and are biodistributed to different organs. Cancer or tumor always produce an acid microenvironment and contain specific types of proteins which may particularly modify the protein corona around NPs, resulting in the changes of bioavailability and therapeutic response. Therefore, it is essential to focus on the effect of biological pH on protein--NP interactions for precise evaluation of NP fate inside our body.

Effect of nanomaterial properties on protein corona formation
=============================================================

It is well known that different characteristics of NPs produce different protein corona profiles.[@b44-ijn-12-3137] Hence, physicochemical and biological properties of NPs through NP--protein complexes can control cellular behavior, bioavailability, and biological responses. [Table 2](#t2-ijn-12-3137){ref-type="table"} shows the effect of various NP parameters on the changes of protein corona. Generally, hydrophobic nanomaterial mostly has a higher quantity of adsorbed proteins than the hydrophilic one. Therefore, protein corona around hydrophobic NPs may cause agglomeration and higher opsonization, leading to shorter systemic circulation time in blood than hydrophilic NPs.[@b45-ijn-12-3137] Even with lower amount of binding protein, hydrophilic nanomaterials adsorb proteins when exposed to the media that have commonly found proteins such as albumin, fibrinogen, and IgG.[@b15-ijn-12-3137] NPs with different functional groups on their surfaces can also carry individual protein "fingerprints".[@b23-ijn-12-3137] Protein fingerprint refers to an analytical technique or any of the several methods for identifying or differentiating proteins. Peptide fragments can form via chemical and enzymatic treatments, followed by separation and identification in a reproducible manner using protein mass spectrometry following SDS-PAGE, two-dimensional chromatography, and/or protein electrophoresis.

Notably, differences in mechanical properties of nanomaterials also ensure significant changes in protein adsorption and biological responses of NPs. Both emulsion droplets and solid polystyrene NPs at the same size were evaluated for IgG adsorption behavior and phagocytic efficiency. The IgG distribution homogeneously around the polystyrene beads was independent with IgG density due to the prevention of IgG lateral mobility caused by solid nanomaterial. Oppositely, IgGs were concentrated in the interface between the emulsion droplets and the cell in case of low IgG densities, while at high IgG densities, there was no appearance of IgG clusters. This can be explained that emulsions allow surface for adsorbed proteins to diffuse and relocate at the interface. Hence, the emulsion formulations can reduce the required protein quantity, or further surface active moieties compared with solid NPs, while achieving the same effect. This suggestion might be valuable in the NP design for diverse pharmaceutical applications.[@b46-ijn-12-3137]

Protein corona applications
===========================

Physiological prediction via modeling
-------------------------------------

The biological interactions of an NP depend on its physicochemical properties as discussed previously. Some studies have focused on establishing correlations between NP characteristics and biological outcomes for predicting the biological behavior of NPs without explicit experimentation.[@b47-ijn-12-3137] Due to the infinite number of NP designs with nature diversity and the complexity of biological systems, it is challenging to set up relationships between NP characteristics and biological responses. A scheme based on correlations between NP physicochemical features and cellular responses, such as cell morphology modifications, cell proliferation, viability and functionality, and reactive oxygen species (ROS) induction,[@b48-ijn-12-3137] was suggested for optimizing NP properties to reduce cellular toxicity.[@b49-ijn-12-3137],[@b50-ijn-12-3137] Quantitative structure--activity relationship (QSAR) modeling to establish a statistically significant connection between biological activities of NPs and their physicochemical properties was investigated in several studies.[@b51-ijn-12-3137]--[@b53-ijn-12-3137] The model prediction power for cellular uptake, which was established from 109 manufactured NPs with similar cores decorated by various functional groups, was shown to have a coefficient of determination (*R*^2^) value as high as 0.72, which means the model was validated and can be used to predict the cellular responses of various nanomaterials as well as promote the tailoring and fabrication of nanomaterials.[@b54-ijn-12-3137]

The first predictive model based on the protein corona was developed using gold NPs with different sizes and surface alterations. The relative model was built based only on the serum protein corona fingerprint of 129 adsorbed proteins to predict the cell associations of NPs. Applying a bioinformatics-inspired approach, this model reached a high *R*^2^ value of 0.81, which is 50% more precise than previous models that only consider NP physicochemical assessments. Physicochemical property data such as size, zeta potential, and absorbance spectra could not provide sufficient information to establish an acceptably accurate model prediction. However, a model based on the protein corona fingerprint and physicochemical properties of NPs gave a more accurate prediction of Au NP cell associations, with *R*^2^=0.86. Hence, the protein corona reflects more NP biological details than its physicochemical features.[@b31-ijn-12-3137]

In the above study, the best prediction model was formed based on 52 independent factors, including various Au NP-adsorbed proteins and numerous physicochemical properties. The latter study suggests a more facile way to establish linear and nonlinear predictive models, based mainly on representative adsorbed proteins and zeta potential of Au NPs with different sizes and surface modifications. The model building factors can be divided into two categories: NP physicochemical properties as synthesized, and with serum (hydrodynamic diameter, total adsorbed protein, binding protein density and so on) and protein corona fingerprints (the type and abundance of adsorbed protein). The highest *R*^2^ value of the models which were mainly built from the NP physicochemical properties was 0.695. This result showed that the physicochemical properties of NPs have no relationship to cellular responses. For either linear or nonlinear models, the higher the number of influencing factors, the more accurate the models are established. For example, in cases of non-linear models based on protein corona fingerprints, *R*^2^ was around 0.62 based on 3 factors, while it was more improved to 0.85 based on 9 factors. Additionally, the prediction accuracy of the nonlinear models was much higher relative to linear models when the same number of factors was used. The most precise model had *R*^2^=0.850, based on 11 different adsorbed proteins. More advantageously, the best nonlinear model was established with only 7 factors, including 6 adsorbed proteins and one NP zeta potential, showing higher accuracy value at *R*^2^=0.895.[@b55-ijn-12-3137]

Another study was also investigated the relationship between cellular interactions with human prostate cancer cells and HeLa cells of diverse liposomes and their physicochemical properties as well as protein corona characteristics. The predictive models were well established, considering cellular viability and uptake in two different cell lines, with *R*^2^ in the range of 0.79--0.94. The best variables selected in all correlation models included both physicochemical properties of liposome and descriptors of protein corona fingerprint.[@b56-ijn-12-3137] A predictive-validation model of cell association of lipid NPs based on the specifically adsorbed proteins was developed. Interestingly, a small part of the hard corona proteins, consisting of only 8 adsorbed proteins (vitronectin, Apo A1, A2, B, and C2, and so on), was recognized to include the most important promoters of NP adhesion with HeLa cells among a massive number of possible descriptors (N=436 proteins). Remarkably, the identification of those importantly adsorbed proteins was found with several high-expression receptors of Hela cell membrane.[@b57-ijn-12-3137]

[Figure 2](#f2-ijn-12-3137){ref-type="fig"} shows a scheme for the establishment of predictive model. From the model, biological responses can be predicted without further experiments and highly expressed receptors can be identified from the most influencing proteins for NP design. The abovementioned predictive studies indicate the methodological advantage for the model establishment in which the most important factors are screened first, followed by trying the highly accurate models with small numbers of influencing factors. Reducing the numbers of independent factors simplifies predictive model development, and makes their applicability more practical and economical. Moreover, from the validated model established, the proteins that play important functions correlated with biological responses are identified. Based on these proteins, targeting receptors that are highly expressed on the desired cells can be labeled and applied in NP design. Furthermore, the correlative models between cell association of NPs and both protein corona as well as physicochemical properties of NPs can provide highly accurate information and data for the NP design and make NPs nontoxic.

Modification of NP properties for drug delivery
-----------------------------------------------

The advantages of nanomaterial as drug delivery system are due to the nano sizability that allows NPs to have high drug loading efficiency and to escape from biological barrier for facilitate absorption and biodistribution. The ability of NPs to escape from the reticuloendothelial system, to increase half-life, to improve distribution time and accumulation in targeting tissue, and control their toxicity are determining factors for the design and therapeutic efficiency of NPs. To enhance NPs bioavailability and therapeutic response, NP size, nanomaterial, and NP surface are required to be considered for the design and fabrication of NPs. Furthermore, NP surfaces can be modified with diverse functional groups, either inorganic or organic, including proteins with specific activities.

### Systemic circulation time of NPs

The adsorption of protein onto NPs in contact with biological fluid can alter the interactive interface between the NPs and cell membranes, from macrophages and endothelial cells to targeted cells. The binding protein pattern strongly influences phagocytosis and transport of NPs, hence the retention of NPs. If complement factors, fibrinogen, or IgG, called opsonins, are relatively high in protein corona, adsorbed proteins will induce macrophage recognition and engulfment of NPs, leading to the fast removal of NPs out of the body. In contrast, the circulation time is extended in case the protein corona is enriched with albumin or apolipoproteins (Apos), named dysopsonins.[@b37-ijn-12-3137],[@b58-ijn-12-3137]--[@b60-ijn-12-3137] Therefore, the design of NPs should be aimed to reduce the total adsorption of protein, specifically opsonins, and assist the binding of dysopsonins to prolong NP circulation time in the body as the first key factor for better in vivo performances of NPs.

To enhance the NP bioavailability and therapeutic response, NPs should be initially protected from recruitment of blood proteins. Previous studies used various ligands to pursue NP "stealth effect", for example, peptides designed from human CD47, which prohibits clearance by phagocytes.[@b61-ijn-12-3137] Another example is hydrophobin, a fungi secretory substance, which was used to coat NPs in order to reduce protein adsorption.[@b62-ijn-12-3137]

Another method is furnishing different types of NPs with hydrophilic polymers and surfactants to improve their systemic circulation properties and decrease macrophage recognition.[@b63-ijn-12-3137],[@b64-ijn-12-3137] Several well-known hydrophilic polymers include polyethylene glycol (PEG),[@b65-ijn-12-3137] poloxamer,[@b25-ijn-12-3137] polyvinylpyrrolidone (PVP), and dextran. The hydrophilic properties, the length, and charge from these polymers prevent the interaction of NPs with other biomolecules, including opsonins.[@b66-ijn-12-3137],[@b67-ijn-12-3137] Besides, the degree of surface coverage is also an important consideration in design and preparation of NPs to prevent protein adsorption.[@b68-ijn-12-3137],[@b69-ijn-12-3137] Among all polymers, PEG is the most commonly used polymer for NP surface modification. NPs surrounded by PEG increased blood circulation time by several orders of magnitude and reduced liver accumulation, depending on the coated PEG molecular weight and surface density.[@b70-ijn-12-3137] However, repeated administration of PEG-coated NPs may cause the accelerated blood clearance (ABC) phenomenon as antibodies against PEG increase.[@b71-ijn-12-3137]

A new finding on the "stealth effect" mechanism by hydrophilic polymers has been elucidated. Previously, this effect is assumed to come from the hydrophilic nature of these polymers, which lowers the quantity of adsorbed proteins. However, PEG-modified NPs showed high and nonspecific cellular uptake when incubated in the media without plasma proteins. This result indicated that the presence of the binding proteins onto hydrophilic polymer layer is essential to reduce NPs internalization into cells.[@b72-ijn-12-3137] NPs coated by PVP and PEG increase the systemic circulation time of NPs, compared to the bare ones. Nevertheless, PEG-coated NPs had longer circulations time than PVP-coated NPs. While protein corona of PEG-coated NPs had higher Apo quantities, opsonizing proteins were the major proteins binding to PVP-coated NPs. Therefore, the presence and pattern of binding protein layers strongly affect the "stealth effect" of hydrophilic polymers coated on NPs.[@b14-ijn-12-3137] Moreover, "stealth effect" of polymers depends on their individual structure, which is able to induce the selective suppression of the adsorption of opsonins and the favorable binding of "dysopsonin".[@b69-ijn-12-3137],[@b72-ijn-12-3137]

Another important concept to increase systemic circulation time of NPs in blood is to mask NPs with dysopsonin proteins. By simple incubation, albumin could form a pure protein corona around poly (3-hydroxybutyrate-co-3-hy-droxyhexanoate) (PHBHHx) NPs. The albumin corona inhibited plasma protein adsorption and decreased complement activation, resulting in prolonged blood circulation time and reduced cytotoxicity of the biopolymeric PHBHHx NPs.[@b59-ijn-12-3137] It was also known that the inclusion of albumin domain into recombinant adenovirus envelope repelled the macrophage recognition and lengthened their retention in the body.[@b73-ijn-12-3137]

Several apolipoproteins such as ApoA4 and ApoC3 significantly reduced cellular uptake when used for NP precoating.[@b15-ijn-12-3137] Apo J, also known as clusterin, has been described to act as a dysopsonin.[@b15-ijn-12-3137],[@b72-ijn-12-3137] Apo J, was identified as a major component in the protein corona of both PEG-and poly(phosphoester) (PPE)-coated NPs, and induced secondary "stealth effects" in addition to the hydrophilic and neutrally charged properties of the polymers themselves.[@b72-ijn-12-3137] Therefore, Apo J might be used as a dysopsonin for decorating NP surface in order to reduce macrophage recognition and lengthen NP circulation time in blood.

One special case is the well-known opsonin, fibrinogen, which may be used to inhibit cell adhesion at suitable concentrations. In particular, at low-density, fibrinogen forms a monolayer that directly attaches to the NP surface,[@b74-ijn-12-3137] leading to high adhesion with platelets and leukocytes. While at high density, the fibrinogen molecules form an extensible multilayer matrix by self-assembly through the interaction between their αC domains,[@b75-ijn-12-3137],[@b76-ijn-12-3137] this dramatically decrease cellular association under both static and flow conditions.[@b74-ijn-12-3137],[@b77-ijn-12-3137] These results can suggest a new approach for synthesis and development of biomaterials, specifically in implantation in order to decrease initial thrombogenesis. Thus, using fibrinogen as a surface precoating material in reasonable quantities provides opportunities to protect NPs from endocytosis and prolong circulation time.

### Targeting purpose

NPs with long blood circulation time are a prerequisite for targeted drug delivery, but the accumulation of drug-loaded NPs at the target site is more important than their longer duration of circulation time in the body. Therefore, the surface of conventional NPs has been modified to enhance the stability and lengthen the circulation time of NPs,[@b78-ijn-12-3137] as well as to control biodistribution. Utilizing proteins adsorbed on NP surfaces alters NP distribution in the body. With protein masks, NP size, shape, and surface properties of NPs are readily modified.

Proteins adsorbed onto NP surfaces increase the NP size.[@b20-ijn-12-3137] Specifically, the size of DC-Chol-DOPE/DNA lipoplexes increased from 244±4 nm to 741±1 nm after incubation with FBS. Hence, the entry pathway of the NPs into cells was switched from clathrin-dependent to caveolae-mediated.[@b79-ijn-12-3137] This phenomenon leads to changes in NP cellular internalization, depending on NP size. Moreover, the size of NPs dictates their distribution in the body, as NPs with different size will be accumulated in various organs.[@b80-ijn-12-3137] Hence, besides surface modification, size should be controlled to achieve distribution and accumulation at target sites. Protein coronas may induce NP aggregation due to the construction of protein bridges.[@b81-ijn-12-3137]--[@b83-ijn-12-3137] Conversely, in several studies, the adsorption of proteins onto NPs also improves NP stability and prevents formation of NP aggregates.[@b84-ijn-12-3137],[@b85-ijn-12-3137] Therefore, the protein corona can adjust the average size of NPs and may change the cellular uptake pathway and biodistribution.

NPs are decorated with various active moieties and functional groups to selectively deliver drugs to targeted sites in the body. Several targeting functional biomolecules include transferrin, insulin, folic acid, apo A-1, and apo E, which are commonly used in designing cancer-targeting drug delivery systems. Other small molecules such as anhydride, amine, hydroxyl, carboxyl, thiol, and epoxy could be used to alter NP delivery, as they directed NPs to high cellular association with endothelial cells, pancreatic cancer cells, or activated human macrophages.[@b86-ijn-12-3137] Some apolipoproteins, Apo E, ApoA1, and ApoB-100, could functionalize NPs to target nervous system.[@b87-ijn-12-3137],[@b88-ijn-12-3137] Covalently binding Apo E NPs are clearly taken up by the brain endothelial cells while PEGylated NPs did not appear in brain tissue 30 min postadministration.[@b87-ijn-12-3137]

Surface modification of NPs by various functional proteins before an administration can be done simply by incubation[@b59-ijn-12-3137],[@b89-ijn-12-3137] or by covalent conjugation.[@b37-ijn-12-3137] A well-known example of this method is nanoparticle albumin-bound (nab) technology, in which albumin is attached to the NP surface to successfully target tumors and reduce toxicity. Abraxane, a prominently marketed anticancer product containing paclitaxel, was fabricated using the nab technique. BSA and human IgG as functional groups were conjugated to polystyrene NP surfaces.[@b37-ijn-12-3137] Artificially decorating NPs with Apo H increased their cellular uptake in HeLa human cancer cells.[@b15-ijn-12-3137] Albumin and Apo E coating of gold NPs not only increases blood circulation time compared to citrate-stabilized gold NPs, but also affects NP biodistribution, shifting NP accumulation from the liver to enhanced amounts in the spleen. Importantly, albumin coating of NP surfaces significantly increased NP delivery into the nervous system and lung. These results could be applied to tailor nanomaterials that target the brain and the lung.[@b90-ijn-12-3137]

Though in some reported cases, the targeting properties of NPs may be hindered by protein adsorption, preventing the interaction of functional ligands with corresponding cell receptors.[@b91-ijn-12-3137] For example, transferrin-modified NPs lose their targeting effect due to surface adsorption of biomolecules.[@b92-ijn-12-3137] Additionally, the masking efficiency of proteins onto NPs can be relatively reduced by the presence of competitive proteins that have the same receptors. The cellular uptake of BSA preadsorbed polystyrene NPs was reduced by nearly 70% in MEM supplemented with 10% BSA compared to MEM without BSA addition. Hence, in order to reach to the targeted cell receptors, the active groups, specifically biomolecules which bind to NP surface, must have higher affinity with receptor binding region than nonspecific proteins.[@b9-ijn-12-3137]

A more advantageous method for targeting purpose is tailoring the NP properties that are able to selectively adsorb endogenous proteins, which leads the NP to desired cells.[@b93-ijn-12-3137] [Figure 3](#f3-ijn-12-3137){ref-type="fig"} shows a new targeting strategy for NP design to cells using different surface-modified ligands. Adsorbed proteins may hinder targeting ligands conjugated on the NP surface, but some surface-modified NPs favoring functional proteins can direct NPs to the desired target cells. Modification of NP characteristics, especially their surfaces, will turn the protein corona of NPs by altering interaction between NP and cell membrane receptors, hence governing cellular uptake and responses of NPs.

The main strategy in novel NP targeting design includes three steps. First, finding particular proteins that can bind to NPs may be further enhanced with cumulative activity proteins to bring NPs to desired locations. Second, identifying NP-specific characteristics that strengthen the recruitment of the desired proteins and accomplish the formation of a suitable protein corona with or without modifying the natural protein structure so as to pursue the intended targeting responses. Third, considering the influence of protein exchange over time on biological and therapeutic outcomes.[@b94-ijn-12-3137]

For example, when incubating with 50% plasma, liposomes prepared from 1,2-dioleoyl-3-trimethylammonium propane were enriched with vitronectin, which is a major ligand for the vitronectin receptor in several tumor cell lines. Protein--NP complex showed higher cellular uptake in metastatic MDA-MB-435 cells than bare NPs.[@b95-ijn-12-3137] Retinol binding protein 4 (RBP) was favorably adsorbed to retinol-conjugated polyetherimide NPs. RBP was found to bind retinol and direct the retinol-conjugated polyetherimine (RcP) NPs to hepatic stellate cells.[@b96-ijn-12-3137]

After exposing to plasma, polysorbate-coated NPs were enriched with Apo E or Apo AI, and highly distributed in brain endothelium, which was also observed in the case of covalent Apo E binding NPs.[@b88-ijn-12-3137],[@b97-ijn-12-3137] Polybutyl cyanoacrylate (PBC) NPs and polymethyl methacrylate (PMMA) NPs covered by polysorbates could also selectively recruit apolipoproteins binding to their surfaces for brain-targeting applications.[@b98-ijn-12-3137]--[@b100-ijn-12-3137]

Coating NPs with particular proteins can help determine the adsorbed protein patterns onto NPs. Preformed NPs with HSA decrease the recruitment of coagulation factors, especially fibrinogen, while γ globulin layer around NPs enhanced the relative quantities of complement factors and immunoglobulins. However, the adsorbed proteins recruited from 55% plasma screened the effect of γ globulin layer, which was indicated by lower cellular uptake on RAW 264.7 cells than the ones that interacted with 10% FBS-containing media. This can be explained by the difference of protein quantity between 55% plasma solution and 10% FBS. Therefore, protein-functionalized NPs should be exposed to media for a shorter and more reasonable duration in which the efficiency of NP ligands still retain and express their effect before being affected by the adsorption of other media proteins.[@b101-ijn-12-3137] When NPs come into contact with biological fluid, the evolution of proteins is essential to be considered as the difference in the adsorbed proteins' compositions, their relative abundances, and total binding proteins strongly affect cellular uptake and therapeutic responses.[@b101-ijn-12-3137]

Small libraries of synthetic polymeric NPs mainly fabricated with poly(N-isopropylacrylamide) (NIPAm) and other functional monomers at different ratios could be screened for control of protein adsorption. NP compositions were successfully optimized for binding affinity and selectivity toward desired proteins in complicated biological environments. Hence, these NIPAm NPs can be applied in protein purification, sequestration of lipid-bound toxins, and targeted drug delivery systems by turning the protein corona through NP tailoring.[@b43-ijn-12-3137]

### Toxicity reduction

The interaction with NP has a strong impact on cellular behaviors and may cause cell death through a disruption of the integrity of plasma membrane, mitochondrial impairment, and nucleus damage. NPs could provoke inflammatory and oxidative stress, which finally results in cell death. The formation of protein corona alters the immune response of NPs.[@b102-ijn-12-3137] The protective effect of adsorbed protein against cell damage induced by the bare NPs was investigated in numerous studies,[@b35-ijn-12-3137],[@b103-ijn-12-3137],[@b104-ijn-12-3137] possibly because protein covered the NP surface and made NPs more biocompatible to the human body.

A BSA adsorbed layer reduced the cell cytotoxicity of naked PHBHHx NPs, obviously with high NP treatment of three different cell lines: A549, HepG2, and L929 cells.[@b59-ijn-12-3137] The masking effects of several types of human blood proteins, specifically, bovine fibrinogen (BFG), BSA, transferrin (Tf), and γ globulin (Ig), on single wall carbon nanotubes (SWCNTs) decreased toxicity compared to bare SWCNTs in human acute monocytic leukemia cells (THP-1) and human umbilical vein endothelial cells (HUVECs). The impacts of these SWCNT--protein complexes had a similar decreasing order to their protein affinities: BFG \> Ig \> Tf \> BSA for THP-1 cells.[@b105-ijn-12-3137] Using BSA for coating of ZnO NPs, prepared at 4°C, reduced the toxicity of uncoated ZnO NPs on CHO cells and inhibited ZnO NPs from inducing ROS generation. However, the change of BSA structure when BSA coating happened at an elevated 20°C lessened the toxicity reduction effect of BSA for ZnO NPs.[@b106-ijn-12-3137] Hence, surface modification procedure by adsorbing proteins needs to be carefully considered and optimized to obtain the best therapeutic effects. Adsorbed proteins covering positively charged polystyrene compensated the NP surface charges and were retained when NPs made contact with cell (lung epithelial A549 cells and human brain astrocytoma 1321N1 cells) membranes, and only degraded when trafficked to lysosomes. In this case, the protein corona could mask the polystyrene NPs by preventing direct contact between bare NPs and cell membranes, thereby inhibiting cell death caused by positively charged NPs.[@b35-ijn-12-3137]

Future perspectives
===================

It is not bare NPs, but protein-adsorbed NPs that represent the true identity and therapeutic responses of NPs when they enter into the body. Therefore, a thorough knowledge and understanding of protein--NP complex and its interactions is important to predict and govern the in vivo fate of NPs after administration, including biodistribution, bioavailability responses, and toxicity. The correlation models for biological and therapeutic outcomes based on protein corona patterns of NPs are validated with considerably higher accuracy than previous models whose input factors include mainly NP physicochemical properties. Hence, bioavailability of an NP product would be able to be precisely measured without in vivo tests on humans. From these correlative models, nanomaterials can be synthesized for determination of the required binding protein motifs for novel drug delivery carriers or diagnostic devices.[@b107-ijn-12-3137] Protein corona patterns, especially proteins which have powerful impacts on cellular uptake and biological responses, can be used to identify the overexpressed receptors on targeting cells as novel pharmacological approaches are discovered.[@b108-ijn-12-3137] Moreover, the presence of different types of adsorbed proteins on NPs provides details about the biological fluids and blood components which NPs go through in the body. Thus, these information can be used for examining and diagnosing the physiological changes in our body related to protein modulation and structural deformation, such as in tumorigenesis and disease development.[@b93-ijn-12-3137]

To enhance the precise prediction of in vivo biological outcomes and practical applications of protein corona in pharmaceutical sciences, initially a full assessment of NP--protein interaction in stimulated biomimetic administration conditions must be done.[@b109-ijn-12-3137] Specifically, media exposure factors including proteins, fluidic shear stress, and also degradable enzymes should be carefully set up. Besides, the invention of new pharmaceutical technologies such as tumor-on-a-chip models and biomimetic microfluidic systems allow for more deeper evaluation of NP behaviors.[@b110-ijn-12-3137]

Notably, different types of diseases can cause decoration of the NP protein.[@b111-ijn-12-3137] The changes in plasma protein concentrations, protein structures, and body temperature mediated by different disease states and medical conditions, extensively including breast cancer, diabetes, hypercholesterolemia, rheumatism, fauvism, smoking, hemodialysis, thalassemia, hemophilia A and B, pregnancy, common cold, and hypofibrinogenemia, alter NP-adsorbed protein pattern This new finding also suggests new avenues for creating and designing safe and highly efficient NPs for personalized drug delivery system.[@b112-ijn-12-3137]

NP--protein interaction offers potential way to design nanoparticulate drug delivery systems in which controlling protein and protein corona can mask NP surface and perform desirable biological functions.[@b113-ijn-12-3137] The "dysopsonins" such as BSA and Apo J offer a simple way to create and enrich the "stealth effect" for NPs, in which NPs are just mixed and controlled with human plasma or a specific protein component before administration,[@b69-ijn-12-3137],[@b72-ijn-12-3137] instead of undergoing complicated preparation procedures of NPs. Protein structural modification and approachability of adsorbed proteins should be carefully considered in the tailoring of preformed protein NPs for effective therapeutic activities mediated through binding with relevant cell receptors.[@b114-ijn-12-3137] Protein directionality decides the flexibility and availability of optimal binding sites and protein function. Therefore, the directionality of the protein as well as the degree of conjugation/adsorption is essential for NP construction and design in drug delivery. The orientation of the protein component and the level of affected protein structures/dysfunction depend on the interactive region of proteins. Cautious consideration about surface topography and chemistry as well as detailed structural protein information will lead to greater managing of the orientation and properties of decorated proteins on NP surface.[@b115-ijn-12-3137] Materials or nanomaterials which poorly adsorb protein will lead to the positive effect of prolonged circulation time but also the negative effect of low cellular uptake, in the case of hydrophilic polymers and vice versa.[@b24-ijn-12-3137],[@b72-ijn-12-3137] Hence, the balance and harmonization between the complicated effect of diverse binding proteins on biological effectiveness and escape of phagocytosis is a challenging task in tailoring and designing NPs.

In summary, the in-depth understanding and knowledge of protein corona opens up a new method for NP design in which the creative production of novel nanomaterials would strategically begin with the identification of essential fingerprint pattern and conformation of protein corona to achieve the desired biological and therapeutic outomes.[@b116-ijn-12-3137]
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![The formation of protein corona and exchange of adsorbed proteins over time in biological conditions.\
**Notes:** (**A**) Immediately upon exposure. (**B**) After a longer exposure time, with displacement of proteins among the hard corona, soft corona, and cellular environment. (**C**) Major factors affecting protein corona pattern divided into two categorized properties: nanoparticle and environment.\
**Abbreviation:** NP, nanoparticle.](ijn-12-3137Fig1){#f1-ijn-12-3137}

![A scheme for the establishment of predictive model.\
**Note:** From the model, biological responses can be predicted without further experiments, and highly expressed receptors can be identified from the most influencing proteins, providing data for NP design.\
**Abbreviation:** NP, nanoparticle.](ijn-12-3137Fig2){#f2-ijn-12-3137}

![New targeting strategy for NP design to cells using different surface-modified ligands.\
**Notes:** Left: Adsorbed proteins hinder targeting ligands conjugated on the NP surface. Right: Surface-modified NPs favor functional proteins, which direct NPs to the desired cell.\
**Abbreviation:** NP, nanoparticle.](ijn-12-3137Fig3){#f3-ijn-12-3137}

###### 

Diversity of top ten proteins adsorbed to silica NPs and the most abundant proteins in human plasma

  Number   Top 10 most abundant corona proteins detectable after 0.5 min of plasma exposure to silica NPs (140 nm) with different surface functional groups[@b23-ijn-12-3137]   The 10 most abundant proteins in human plasma[@b117-ijn-12-3137]                                 
  -------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------ ----------------------------- -------------------
  1        Apolipoprotein B 100                                                                                                                                                 Apolipoprotein B 100                                               Apolipoprotein B 100          Albumin
  2        Complement factor H                                                                                                                                                  Complement factor H                                                Complement factor H           Immunoglobulin G
  3        Fibronectin                                                                                                                                                          Complement C3                                                      Complement C3                 Transferrin
  4        Complement C3                                                                                                                                                        Gelsolin                                                           Fibronectin                   Fibrinogen
  5        Gelsolin                                                                                                                                                             Fibronectin                                                        Gelsolin                      Immunoglobulin A
  6        Complement C4 B                                                                                                                                                      Apolipoprotein A                                                   Coagulation factor V          α-2-macroglobulin
  7        Apolipoprotein A                                                                                                                                                     Thrombospondin                                                     Thrombospondin 1              Immunoglobulin M
  8        Complement C1r subcomponent                                                                                                                                          Complement C1r subcomponent                                        Complement C1r subcomponent   α-1-Antitrypsin
  9        Thrombospondin 1                                                                                                                                                     Inter α trypsin inhibitor heavy chain H4                           Serum albumin                 Complement C3
  10       Prothrombin                                                                                                                                                          Coagulation factor V                                               Myosin 9                      Haptoglobin

**Abbreviation:** NP, nanoparticle.

###### 

Effect of NP parameters on the changes of protein corona

  NP parameter                                                                                                                                                                                                                                                            Observed effects
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------
  NP size                                                                                                                                                                                                                                                                 • Bigger size, larger degree of protein coverage[@b8-ijn-12-3137],[@b11-ijn-12-3137],[@b26-ijn-12-3137],[@b118-ijn-12-3137]
  • Smaller size increases corona thickness and decreases conformational change[@b119-ijn-12-3137]--[@b121-ijn-12-3137]                                                                                                                                                   
  • Evolution of composition and relative abundance of adsorbed proteins[@b23-ijn-12-3137],[@b122-ijn-12-3137]                                                                                                                                                            
  NP shape                                                                                                                                                                                                                                                                Higher protein adsorption onto nanorods compared to nanospheres[@b123-ijn-12-3137]
  NP surface Charge                                                                                                                                                                                                                                                       • Charge affects composition of formed protein corona
  • More highly charged surfaces increase protein conformational changes                                                                                                                                                                                                  
  • Protein conformation: positive \> negative \> neutral                                                                                                                                                                                                                 
  • Charged particles have higher cell internalization and faster opsonization rates than electrically neutral particles;[@b124-ijn-12-3137] positively charged NPs are incorporated by cells in higher numbers and faster than negatively charged NPs[@b8-ijn-12-3137]   
  Hydrophobicity                                                                                                                                                                                                                                                          Higher hydrophobic NPs:
  • Increase adsorbed protein quantity[@b13-ijn-12-3137],[@b26-ijn-12-3137] and qualitatively change obtained protein adsorption patterns[@b125-ijn-12-3137]                                                                                                              
  • Increase affinities of biomolecules                                                                                                                                                                                                                                   
  • Increase protein conformational changes                                                                                                                                                                                                                               
  • Are opsonized more quickly than hydrophilic NPs                                                                                                                                                                                                                       
  Smoothness/roughness                                                                                                                                                                                                                                                    Surface roughness greatly minimizes repulsive interaction and influences the amount of protein, but not the protein identity

**Abbreviation:** NP, nanoparticle.
